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Abstract:

With the nano-imprint lithography and the pulsed growth mode of metalorganic
chemical vapor deposition, a regularly-patterned, c-axis nitride nanorod (NR) array
of quite uniform geometry with simultaneous depositions of top-face, c-plane
disc-like and sidewall, m-plane core-shell InGaN/GaN quantum well (QW) structures
is formed. The differences of geometry and composition between these two groups of
QW are studied with scanning electron microscopy, cathodoluminescence, and
transmission electron microscopy (TEM). In particular, the strain state analysis
results in TEM observations provide us with the information about the QW width
and composition. It is found that the QW widths are narrower and the indium
contents are higher in the sidewall m-plane QWs, when compared with the top-face
c-plane QWs. Also, in the sidewall m-plane QWs, the QW width (indium content)
decreases (increases) with the height on the sidewall. The observed results can be
interpreted with the migration behaviors of the constituent atoms along the NR
sidewall from the bottom. Besides, we demonstrate the growth of a conducting
nitride layer of low vertical resistance (64 Q) on 6H n-type SiC substrate. The nitride
layer consists of a 150-nm n-AlGaN layer with the Al composition being linearly
decreased from 20 to 0 % and a 1-um n-GaN layer. Both layers are Si doped with a
level around 10'*/cm’. The growth condition of the n-AlGaN layer must be further
improved to obtain a crack-free and smooth surface.
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Part I:
InGaN/GaN Quantum-well Nanorod Arrays

1. Introduction

Growth of nitride nanorods (NRs) (or called nanowires, nanocolumns, or
nanoposts) for light-emitting diode (LED) application has several advantages. First,
in an NR, threading dislocation density can be reduced [1, 2]. When the NR
cross-sectional dimension is smaller than a few hundred nm, threading dislocation
can be completely eliminated [1]. Therefore, the crystal quality of a nitride NR can
be higher than that of a planar structure. Second, due to its small dimension, the
lateral strain relaxation in an NR on either top-face [3, 4] or sidewall plane can occur
to result in higher indium incorporation for high-indium InGaN growth [5]. Third,
the sidewall or core-shell growth of a c-axis-oriented NR can lead to non-polar
quantum well (QW) growth [6, 7] for eliminating the quantum-confined Stark effect
(QCSE) in a QW structure [8, 9]. Also, the growth on the slant {1-101} facets at the
pyramidal top of an NR can lead to the formation of semi-polar QWs for reducing
the QCSE [10, 11]. Fourth, due to the three-dimensional structure of an NR array, the
emission area of an arrayed NR LED can be larger than that of a planar LED
structure [6, 7, 12]. For instance, in a triangular-patterned NR array of 600 nm in the
height of the sidewall, 440 nm in the distance between two parallel lateral sides of a
hexagonal NR cross section, and 700 nm in the nearest center-to-center NR
separation, if the NR sidewalls are fully covered by InGaN/GaN QWs, the total
sidewall emission area is about 1.86 times the area of a planar LED structure. An
array of higher NRs will lead to an even larger enhancement factor in emission area.
Fifth, strong light scattering by the NR surfaces in an NR LED array can enhance
light extraction efficiency [4, 13]. Meanwhile, a proper arrangement of the NR
pattern can lead to controlled radiation angle dependence [13]. Sixth, GaN NR
growth and coalescence overgrowth can result in a GaN thin film of significantly
improved crystal quality [1, 14]. Such a high-quality GaN thin film can be used as
the template for the growth of a high-efficiency LED [15]. With the residual NR
structure beneath, the laser liftoff of sapphire substrate in such an epitaxial structure
for vertical LED fabrication becomes easier. Finally, by growing GaN NRs on silicon
substrate, thermal stress can be released such that wafer cracking can be avoided and
the crystal quality of the coalesced overgrown layer can be improved [16].

Randomly-distributed self-organized GaN NRs have been widely grown on
sapphire and silicon substrates with molecular beam epitaxy (MBE) and
metalorganic chemical vapor deposition (MOCVD). In the self-organized growth,
GaN NRs can be grown from certain nucleation centers in an AIN or SiNy buffer
layer. In this situation, the planar locations of NRs and their cross-sectional
dimensions and heights are randomly distributed. With MBE growth, the orientations
of self-organized NRs are essentially mutually parallel and vertical to the substrate
[17, 18]. Usually, self-organized GaN NRs can be grown with MBE under the
nitrogen-rich condition when the growth temperature is high (roughly >750 °C).
Self-organized GaN NRs can also be grown with MOCVD based on the
vapor-liquid-solid (VLS) growth mode either with catalyst or without catalyst [19,
20]. Without an extrinsic catalyst, gallium can be used as the self-catalyst in the VLS
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growth mode. However, with MOCVD growth, usually the self-organized GaN NRs
are randomly oriented. Although self-organized GaN NRs have provided us with
quite many physical insights, their application is limited due to their non-uniform
distribution of geometry and hence their non-uniform distributions of optical and
electronic properties. Selected or patterned growths of GaN NRs have also widely
been implemented with MBE [21, 22] and MOCVD [1, 14, 23]. The regularly
patterning methods include electron-beam writing [21], focused ion beam [22],
holography [23], and nano-imprint [1, 14]. In regularly patterned growth, vertically
oriented NRs of uniform size and height distributions can be obtained. With
MOCVD growth, the pulsed growth mode, in which the gallium and nitrogen sources
are switched on and off alternatively, is usually used for implementing the
self-catalyst VLS growth mode [1, 14, 23].

For LED application, InGaN/GaN QW p-i-n NR structures have been widely
reported. On a c-axis GaN NR, InGaN/GaN QWs can be classified into the following
three categories. First, on the flat top face of an NR, a disc-like c-plane (polar) QW
structure can be formed. In this situation, the NR top can eventually become a
pyramidal geometry. Second, on the slant {1-101} facets of the top pyramid
geometry of an NR, semi-polar QWs can be grown. Third, on the sidewalls of an NR,
a core-shell m-plane QW structure can be formed. Disc-like QWs have been widely
grown with MBE [22, 24-26]. The growth of slant-facet QWs on the {1-101} sixfold
side-facets of the pyramidal top of an NR with MBE has also been reported [10].
With selected-area MOCVD growth, most efforts led to the growth of a pyramid
structure, on which QWs were formed on the slant {1-101} facets and a quantum dot
could be formed at the tip [27-30]. N-polarity GaN NRs were fabricated on c-plane
sapphire substrate with MOCVD [31]. On such an NR, QWs were grown on the flat
and slant facets at the top [11]. On the other hand, with MOCVD, core-shell QWs
and hetero-structures have been grown on a-axis-oriented GaN NRs [12, 32, 33].
Recently, m-plane QWs on the sidewalls of c-axis-oriented N-polarity GaN NRs
were successfully grown and a single-NR LED based on such a growth has been
fabricated [6, 34, 35]. However, their QWs were formed only in a certain sidewall
range near the top. Also, the positions and geometries of the grown NRs were
randomly distributed. For implementing an NR LED array, regularly patterned NRs
of uniform geometry are required. The fabrication of a regularly patterned NR LED
array with top-face and sidewall InGaN/GaN quantum structures for tuning the
emission color in the visible range was recently reported [7]. However, in their work,
by depositing the quantum structures on the GaN NRs of truncated pyramidal tops,
InGaN layers of unclear quantum structures and crystal facets were formed in the
NRs. Also, the large variation of emission wavelength in changing the applied
voltage indicates the significantly non-uniform indium-content distribution along the
height of an NR. No informative characterization results of the quantum structures in
their NRs were reported.

In this part of the report, the pulsed MOCVD growth and characterization of a
regularly patterned, c-axis-oriented nitride NR array of Ga-polarity on sapphire
substrate with c-plane InGaN/GaN QWs on the NR flat-top face and m-plane QWs
on the NR sidewalls are reported. The NR geometry, QW structures, and emission
characteristics are studied with scanning electron microscopy (SEM),
cathodoluminescence (CL), and transmission electron microscopy (TEM). In
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particular, the strain state analysis (SSA) technique is applied to analyze the QW
widths and indium compositions at different locations on an NR. It is found that the
QW widths are narrower and the indium compositions are higher in the sidewall
m-plane QWs, when compared with the top-face c-plane QWs. Also, in the sidewall
m-plane QWs, the QW width (indium composition) decreases (increases) with the
height on the sidewall. In section 2 of this part of report, the fabrication procedures
for the QW NR array are presented. Also, the characterization methods, including the
principle and operation of SSA, are reported in section 2. Then, the SEM and CL
measurement results are discussed in section 3. The TEM observation results are
given in section 4. Next, the SSA results are provided in section 5. Discussions are
made in section 6. Finally, the conclusions are drawn in section 7.

2. Nanorod growth and characterization conditions

The NR growth is patterned with the nano-imprint technique on a 2-pum-thick
GaN template, which is deposited with MOCVD on c-plane sapphire substrate [1,
14]. On the wafer, a two-dimensional (2-D) triangular pattern of circular holes of 250
nm in diameter and 700 nm in the nearest center-to-center separation is formed on a
40-nm-thick SiO, mask. The growth of GaN NRs starts with a hole-filling process
under the MOCVD conditions of 100 torr in chamber pressure, 1500 rpm in turbo
disc speed, 1050 °C in substrate temperature, 50 sccm in TMGa flow rate, 1500 sccm
in NH3 flow rate (1100 in V/III ratio), and 12 sec in growth duration. After the hole
filling process, the pulsed MOCVD growth mode is used at 1050 °C with V/III ratio
at 550 for forming flat-top GaN NRs [1, 14, 23]. In this process, TMGa (50 sccm)
and NH; (500 sccm) flows are switched on and off alternatively with the flow
durations of TMGa and NHj3 at 20 and 30 sec, respectively. A pause of 0.5 sec in
duration is applied after each TMGa flow cycle. After the pulsed growth for ~20 min
(25 cycles), regularly patterned GaN NRs of uniform geometry with a height of ~600
nm are obtained. On the GaN NRs, three periods of InGaN/GaN QWs are deposited
with the conventional 2-D MOCVD growth mode under the conditions of 200 torr in
chamber pressure, 750 rpm in turbo disc speed, 32 sccm in TEGa flow rate, 2700
sccm in NH3 flow rate, and 240 sccm in TMIn flow rate (only applied to the growth
of the InGaN well layers). The growth temperature and duration of the InGaN well
(GaN barrier) in the QW structures are 700 °C and 1.25 min (870 °C and 11 min),
respectively. The SEM measurement is performed with a JEOL JSM-7001F system,
in which a Gatan MonoCL4 module is installed for CL measurement. The SEM
(CL) results are obtained with the operation conditions of 10 kV (5 kV) in
acceleration voltage and 0.3 nA (7 nA) in probe current. The spatial resolution of
SEM is ~3 nm and that of CL is ~10 nm. A local CL spectral measurement covers a
spatial domain of 100 x 75 nm” in dimension. The TEM investigation is performed
using a Philips Tecnai F30 field-emission electron microscope with an accelerating
voltage of 300 kV and a probe forming lens of Cs = 1.2 mm. The high-resolution
micrographs for SSA are taken with two-electron-beam interference. The current
density focused onto the sample is estimated to be lower than 16 A/cm®. With the
two-beam interference data, the SSA for obtaining composition distributions can be
performed [36]. To obtain an SSA image, the lattice size distribution is first
calibrated from the lattice fringe image. The lattice size distribution is represented by
a parameter, d, defined as the ratio of the local lattice size over that of GaN. Then,
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the indium composition distribution can be calibrated based on Vegard’s law subject
to a control factor. This factor is related to the thickness of the TEM specimen [36].
However, it is usually difficult to determine such a thickness. In our analysis, we use
the indium content of a previously-grown planar InGaN/GaN QW sample of surely
determined indium composition at ~7 % as the reference for calibrating the data of
the sample under study based on the variation of the parameter d [37, 38]. The
indium content of 7 % corresponds to the value of d at 1.033. Based on this
correspondence, we can estimate the thickness of our TEM specimen as around 50
nm, which is quite reasonable. Therefore, the local indium composition can be
obtained by using the formula of 212 % x (d — 1) [36-38].

3. Results of scanning electron microscopy and cathodoluminescence

Figures 1(a) and 1(b) show the plan-view and 30°-tilted SEM images,
respectively, of the GaN NR array before the deposition of InGaN/GaN QWs. In Fig.
1(a), one can see that the hexagonal shapes of some of the GaN NRs are slightly
asymmetric. The degree of symmetry in the hexagonal cross section of an NR relies
on the shape of the hole for NR growth. The distance between two parallel lateral
sides in the hexagon of the central NR in Fig. 1(a), as indicated by the arrow, is 376
nm. From Fig. 1(b), one can see that the tops of the GaN NRs are flat. The heights of
the NRs are around 600 nm. After the deposition of three InGaN/GaN QWs, the
plan-view and 30°-tilted SEM images of the NR array are shown in Figs. 1(c) and
1(d), respectively. In Fig. 1(c), one can see that the cross-sectional sizes of the QW
NRs become larger. As indicated by the arrow in Fig. 1(c), the distance between two
parallel lateral sides in the hexagon of the indicated NR is 452 nm. Then, in Fig. 1(d),
one can see that the tops of the QW NRs become pointed with pyramidal shapes. The
NR heights become slightly larger.

o

Fig. 1 Plan-view (a) and 30°-tilted (b) SEM images of the GaN NR array; Plan-view (c) and 30°-tilted
(d) SEM images of the QW NR array.

Figures 2(a) and 2(b) show a plan-view SEM image and its corresponding
panchromatic CL image, respectively, of the QW NR array. In the CL image, one can
see the strong emission at the rim of each NR. CL emission also comes from the
central portion of an NR in Fig. 2(b) although it is weaker. To differentiate the



emission characteristics at the rim and the central portion of the top of an NR, we
measure the local CL spectra at the two locations indicated by the two rectangles in
Fig. 2(a). The spectra measured at the center and rim of the NR top face are shown as
curves TF-c and TF-r, respectively, in Fig. 3. For comparison, the large-scale
plan-view CL spectrum (curve PV) is also shown in Fig. 3. Here, one can see that the
three spectra are all peaked around 450 nm although the peak of curve TF-r is
slightly red shifted. Figures 2(c) and 2(d) show a cross-sectional SEM image and its
corresponding panchromatic CL image, respectively, of the QW NR array. Here, we
can see that the CL emission intensity on the sidewall of an NR is quite uniform. To
understand the different emission characteristics at different heights of the sidewall
of an NR, we measure the local CL spectra at the three different sidewall locations
near the top, middle height, and bottom, as indicated by the three rectangles in Fig.
2(c), to give the spectral curves labeled by SW-t, SW-m, and SW-b, respectively, in
Fig. 3. Again, for comparison, the large-scale cross-sectional CL spectrum is also
plotted as curve CS in Fig. 3. Here, one can see that the spectral peak wavelength
red-shifts with height on the sidewall. The red-shift trend indicates that the QW
geometry and composition may vary along the height of the sidewall on an NR. The
large-scale cross-sectional CL spectrum covers the three spectra at different sidewall
heights. In Fig. 3, we also plot the plan-view CL spectrum of the bare GaN NR array
as the curve labeled by “PV-GaN” for reference. Here, one can see the GaN
band-edge emission in the UV range and the broadband yellow luminescence from
the defects. Such defect emissions can be strongly excited by the high-energy
electrons in CL measurement.

4. Results of transmission electron microscopy
Figure 4(a) shows the cross-sectional TEM image of a QW NR. Here, we can clearly
see three c-plane QWs at the NR top. Three m-plane QWs on the two sidewalls can
also be observed although they are not very clear. The upper portion of Fig. 4(a) is
magnified to give Fig. 4(b). Here, the three c-plane QWs can be more clearly seen.
Meanwhile, at the lower ends of the two (1-101) planes, the sidewall QWs can be
seen, as indicated by the arrows. The dark thick lines (broken at certain locations) at
the rim of the NR correspond to the coated Pt layer during TEM specimen
preparation with focused ion beam. The high angle annular dark field (HAADF)
image of the top NR portion is shown in Fig. 4(c). In this image, one can see that
among the three top-face QWs, the contrast of the bottom one is low, implying that
its geometry is not well defined. It is noted that between the top c-plane QWs and the
sidewall m-plane QWs, no clear InGaN quantum structure can be observed. This
observation is better supported by the magnified image in Fig. 4(d). In other words,
the widely reported {1-101}-plane QWs are not formed in our sample. Figures
4(e)-4(g) show the magnified TEM images of the sidewall QWs near the top, middle
height, and bottom on either side of the NR. Here, one can clearly see that the QW
spacing decreases with the height of the sidewall although it is difficult to read the
QW widths. As shown in Fig. 4(g), at the NR bottom, the QWSs bend following the
original shape of GaN NR. In growing GaN NRs, at the rim of a circular hole on a
template, GaN out-reaches on the SiO; mask to form a triangular bump [1].

Figure 5(a) shows the cross-sectional TEM image of a few fallen QW NRs. We
focus the observation at the circled NR, whose image is magnified to give Fig. 5(b).
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It is noted that those NRs contacted each other after they fell. Here, one can clearly
see the three sidewall QWs on each lateral side of the hexagon, as indicated by
arrows. The hexagon is quite asymmetric. The HAADF image (the left-side right) of
the NR cross section is shown in Fig. 5(c), in which the notations A-F are assigned to
represent the six lateral sides. The clear QW mapping in this figure allows us to
measure the QW separations and lengths on each lateral side. To compare the QW
separations and lengths among the six lateral sides, we define the geometric
parameters in Fig. 5(d), in which a trapezium is plotted to represent the QW region
on each lateral side. Here, the three thick dark (blue) lines stand for the three QWs
with their lengths being defined as L;, L,, and L;. The base of the trapezium is
denoted by L4. The separations between the QWs and the trapezium base are denoted
by t;, t, and t3. The measured values of those geometric parameters for the lateral
sides A-F are listed in rows 2-8 of Table 1.

Fig. 2 Plan-view SEM (a) and the co-located panchromatic CL (b) images of the QW NR array;
Cross-sectional SEM (c) and the co-located panchromatic CL (d) images of the QW NR array. The
rectangles in parts (a) and (c) indicate the locations of local CL spectrum measurements.

2.8]
> 247
2.04
1.6
1.2

0.8

Normalized intensit

3 SWhb

350 400 450 500 550 600
Wavelength (nm)

Fig. 3 CL spectra of the QW NR array measured at different locations and different view directions,
including that from the large-scale plan-view (PV) measurement, that at the center on the top face of
an NR (TF-c) and that at the rim on the top face of the NR (TF-r), that from the large-scale
cross-sectional view (CS) measurement, that at a point near the top of the sidewall of an NR (SW-t),
near the middle height of the sidewall of the NR (SW-m), and near the bottom of the sidewall of the
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NR (SW-b). For comparison, the plan-view CL spectrum of the bare GaN NR array is also plotted as
curve PV-GaN.

In Table I, on each lateral side, one can see the increasing trend from L; through
L4 and decreasing trend from t; through t;. Among the six lateral sides, generally a
larger QW length (L value, x = 1-4) corresponds to a smaller QW separation (tx
value, x = 1-3). It is noted that because we cannot determine the QW thicknesses at
this stage, the QW separations are defined as the distances between the centers of
two neighboring QWs. As to be shown in the next section, the sidewall QW widths
are in the range of 1-2 nm. Therefore, the definition for the QW separation here
represents a good approximation. If we use the lower two QWs to divide the large
trapezium in Fig. 5(d) into three small trapeziums, we can evaluate the areas of the
small trapeziums to give the results in rows 9-11 of Table 1. The average of these
three areas on each lateral side is listed in the bottom row of Table I. Also, on each
lateral side, the deviation percentages of the areas of the small trapeziums from the
average value are shown within the parentheses in the corresponding rows. Here, one
can see that all the deviation percentages are smaller than 8.6 %. The roughly equal
areas of the small trapeziums on each lateral side indicate the generally constant
supply of GaN constituent atoms for each lateral side. Therefore, a larger lateral-side
length corresponds to a smaller QW separation. The variations of the average area
value in the bottom row of Table I can be regarded as the different supply quantities
of GaN constituent atoms among the six lateral sides. Here, one can see that the
lateral-sides D and F have significantly larger side lengths and also larger average
areas, when compared with other lateral sides. Such results are reasonable since a
lateral side of a larger side length is expected to adsorb more GaN constituent atoms.
However, although lateral-side E has a significantly smaller side length, when
compared with those of lateral-sides A and B, its average trapezium area is
comparable to those of A and B. This result can be related to its protruding geometry
for more effectively adsorbing the constituent atoms. The significantly smaller
average trapezium area on lateral-side C, even though its side length is not small, can
be attributed to the strong adsorption efficiency of its neighboring NRs or the
non-uniform spatial distribution of supplied constituent atoms. Nevertheless, it is
difficult to give an assured explanation.

Table I Measured QW geometric parameter values on the six lateral sides of the cross-sectional

hexagon of a QW NR.
Lateral side A B C D E F
L, (nm) 219.4 213.4 198.8 296.1 148.8 266.1
t; (nm) 13.6 14.3 12.5 13.3 19.5 15.8
L, (nm) 230.9 232.6 219.5 313.1 159.1 283.7
t, (nm) 12.9 12.5 10.5 11.9 18.5 12.7
L; (nm) 242.7 246.3 237.5 329.6 165.6 307.8
t; (nm) 12.5 11.3 9.5 11.4 18.3 12.2
L, (nm) 256.5 257.2 249.7 342.9 175.8 333.4
Li+Ly)xt /2 3062.0 3188.9 2614.4 4051.2 3002.0 4343 .4
(nm?) (-0.55%) (5.98%) (7.03%) (3.80%)  (-1.35%) (8.52%)
(Ly+Ly)xt /2 3054.7 2993.1 2399.3 3824.1 3003.5 3756.0
(nm?) (-0.79%) (-0.53%) (-1.78%)  (-2.02%) (-1.30%)  (-6.16%)




(Li+L)xt:/2 31200 28448 23142 38333 31238 3908.1
(nm?) (133%)  (-5.46%)  (-526%) (-1.78%) (2.65%)  (-2.36%)
Average (nm®)  3078.9 3008.9 2442.6 3902.8  3043.1 4002.5

Fig. 4 (a) Cross-sectional TEM image of a QW NR. The portions of the top, the slant (1-101) facet on

the right, the top sidewall on the right, the middle-height sidewall on the left, and the bottom sidewall

on the right of the NR are magnified to show parts (b) and (d)-(g), respectively. The HAADF image of
the NR top portion is shown in part (c).

Fig. 5 (a) TEM image of a few fallen QW NRs; (b) The magnified TEM image of the QW NR circled
in part (a), in which the three QWs on each lateral side of the hexagon are indicated by arrows. (c) The
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HAADEF version of the same TEM image in part (b), which has been imaged left-side right. The six
lateral sides of the hexagon are designated as A-F. (d) Schematic drawing of the QW portion on a
lateral side of the hexagon, in which the thick dark (blue) lines represent the three QWs. The
separations between the QWs and surface are designated as t;-t;. The lateral lengths at different
growth stages are designated as L;-Ly.

5. Results of strain state analysis

To further study the geometries and compositions of the top-face and sidewall
QWs, the SSA technique is used based on the two-beam TEM observation. Figures
6-9 show the SSA results of the typical QWs on the top face, near the top, middle
height, and bottom on a sidewall, respectively. In each figure, part (a) shows the
two-beam TEM image and part (b) illustrates the corresponding SSA image. It is
normally difficult to find the direct correspondence between the two images. Then,
part (c) in each figure demonstrates the line-scan SSA signal intensity profile along
the vertical dashed line plotted in part (b). The color coding at the bottom of each
figure shows the level of indium content. In Fig. 6, the spacing between two
neighboring horizontal grid lines corresponds to one-half the local lattice size along
the c-axis (~0.259 nm). In Figs. 7-9, that corresponds to the period of the m-planes,

which is equal to the local lattice size along the a axis multiplied by V372 (~0.276
nm). In all the figures, the vertical grid lines are plotted to have the same local
spacing as that in another dimension for reference [37]. The dimension of an SSA
image is usually smaller than the corresponding two-beam TEM image because the
SSA technique cannot be applied to an area containing a stacking fault. In Figs. 6-9,
one can see that indium atoms out-diffuse from the designated QW areas. Also, a
sidewall QW does not necessarily follow a straight line. Meanwhile, indium-rich
nano-clusters exist in every QW [39]. With the out-diffused indium distributions in
the QWs, it becomes difficult to directly read the QW widths. In our analysis, we
evaluate the full-width at half-maximum (FWHM) of the indium content distribution
in every vertical line scan of an SSA image as long as a clear single-peak profile can
be observed. The QW width is defined as the average of the FWHMs over all the
vertical line scans of clear single-peak profiles. After we evaluate the QW width, we
can divide the total indium content in each SSA image by the evaluated QW width to
obtain the average indium content of the QW. The total indium content in an SSA
image can be obtained by simply integrating the indium content in each pixel of the
whole image. The obtained indium content can be slightly underestimated because
certain incorporated indium atoms may diffuse out of the SSA image. However, such
a slight underestimation should not affect our discussions and conclusions in this
study.

In Fig. 6(b) for a typical c-plane QW section on the top face, one can see that the
indium distribution is poorly confined. The evaluated QW width and average indium
content are 4.80 nm and 11.77 %, respectively. In Fig. 7(b) for a typical sidewall QW
section near the top, one can see a quite well-confined indium distribution. The
evaluated QW width and average indium content are 1.25 nm and 19.75 %,
respectively. Then, in Fig. 8(b) for a typical sidewall QW section near the middle
height, the indium out-diffusion becomes stronger, when compared that in Fig. 7(b).
The evaluated QW width and average indium content are 1.36 nm and 18.38 %,
respectively. Next, in Fig. 9(b) for a typical sidewall QW section near the bottom, the
indium out-diffusion becomes even stronger. The evaluated QW width and average
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indium content are 2.00 nm and 16.88 %, respectively. From the comparisons
between the evaluation results in Figs. 6-9, one can see that the top-face QW has a
significantly larger QW width and a lower indium composition, when compared with
the sidewall QWs. At different heights, the width (indium composition) of the
sidewall QW is the largest (lowest) near the NR bottom, followed by that around the
middle height. However, a single image of one QW section may not be enough for
determining the variation trends of the QW width and composition. For more reliable
variation trends, we prepare five similar SSA images for each QW category to
evaluate the average values. The average results of the QW width and indium content
are shown in the second and third columns, respectively, of Table II. It is noted that
the average values here are not accurate enough for representing the real QW widths
and indium contents. However, their variation trends provide us with important
information about the top-face and sidewall QW growths. In Table II, one can see
that the top-face QWs indeed have a significantly larger average QW width at 4.72
nm, when compared with the sidewall QWs. Also, they have smaller average indium
content. On the sidewall, the average QW width (indium content) decreases
(increases) with the height on the sidewall.

35 10.5 17.5
T ) ) ) |——

0 T 14 >21% 5 hm

Fig. 6 Two-beam TEM image (a) and the corresponding SSA image (b) of a section of a top-face QW.
Part (c) shows the line-scan indium content profile along the vertical dashed line in part (b).

3.5 10.5 17.5 L !
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0 7 14 >21% 5nm

Fig. 7 Two-beam TEM image (a) and the corresponding SSA image (b) of a section of a sidewall QW
near the top of the QW NR. Part (c) shows the line-scan indium content profile along the vertical
dashed line in part (b).
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Fig. 8 Two-beam TEM image (a) and the corresponding SSA image (b) of a section of a sidewall QW
near the middle height of the QW NR. Part (¢) shows the line-scan indium content profile along the
vertical dashed line in part (b).
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Fig. 9 Two-beam TEM image (a) and the corresponding SSA image (b) of a section of a sidewall QW
near the bottom of the QW NR. Part (c) shows the line-scan indium content profile along the vertical
dashed line in part (b).

Table II Average QW widths, indium contents, and their product values of the QWs at different
locations.

QW width (nm) Indium content (%) Product (nm %)
Top-face QW 4.72 12.72 60.04
Sidewall QW near the top 1.28 21.19 27.12
Sidewall QW near the middle height 1.56 19.20 29.95
Sidewall QW near the bottom 2.00 16.39 32.78

6. Discussions

In Fig. 3, we have demonstrated the local CL emission spectra at different
locations of a QW NR. The CL spectrum with the peak wavelength around 450 nm in
curve TF-c originates from the c-plane top-face QWs of 12.72 % in estimated indium
composition and 4.72 nm in estimated QW width. Such an indium composition in
such a wide QW, the emission wavelength can be somewhat longer. However,
because of the lateral strain relaxation in these QWs, the reduced piezoelectric field
can lead to a certain blue shift in emission spectrum [3], resulting in the emission
around 450 nm. The used 5-kV electron accelerating voltage in the CL measurement
can excite the sidewall QWs as deep as ~250 nm. Therefore, the spectrum labeled by

12



TF-r in Fig. 3 should consist of the major contributions from the top and
middle-height portions of the sidewall QWs, i.e., the spectral curves of SW-t and
SW-m. The trend of increasing estimated indium composition with height in the
sidewall QWs is consistent with the trend of red-shifting spectral peak in Fig. 3.
However, the significantly larger estimated indium compositions in the sidewall
QWs, when compared with that of the top-face QWs, are expected to result in
significantly longer emission wavelengths. Nevertheless, the spectral peak of curve
SW-t is only around 460 nm. The spectral peak of curve SW-b is even shorter than
450 nm (around 448 nm). Such emission results are attributed to the following two
factors. First, the estimated QW widths of the sidewall QWs are significantly smaller
than that of the top-face QWs, leading to a much stronger quantum-confinement
effect such that the emission spectrum is blue-shifted. Second, because of the
non-polar nature of the sidewall QWs, the zero QCSE results in a shorter emission
wavelength, when compared with a polar QW of the same indium composition [8, 9].
Therefore, the emission spectra of the sidewall QWs are all close to 450 nm. It is
noted that the numerical estimations of the spectral blue-shift ranges due to the
factors of stronger quantum confinement and zero QCSE are difficult because the
emission behavior of such a QW is strongly affected by the structure of indium-rich
nano-clustering (see Figs. 6-9) [39, 40].

In the fourth column of Table II, we show the product of the QW width and
indium content in each QW category. These product values can be used for
representing their total indium contents per unit surface area during the same growth
period of a QW. Here, one can see that the top-face QWs have a significantly larger
product value, when compared with those of the sidewall QWs. This product value
decreases with the height on the sidewall. Such results can be interpreted as follows:
Around an NR, the supplied constituent atoms (gallium, indium, which are formed
through the decomposition of metalorganic precursors TEGa and TMIn, and
nitrogen) projected onto the planar area of the NR cross section are mainly adsorbed
by the top surface of the NR to form the top-face QW structure. Because of the
abundant supply, the well and barrier layers of the QWs on the top face are quite
thick, leading to the relatively lower indium composition in the QWs. Nevertheless,
the total adsorbed indium content per unit surface area is still significantly higher
than those on the sidewall. On the other hand, the constituent atoms projected onto
the gaps between NRs flow down to the bottom of the gaps and migrate upward
along the sidewall surfaces for forming the sidewall QW structures [41-44]. In this
situation, the bottom portion of a sidewall can adsorb more constituent atoms than its
top portion. Therefore, on the sidewall, the thicknesses of a GaN barrier layer and an
InGaN well layer decrease with height. Also, the total adsorbed indium content per
unit surface area decreases with height, as indicated by the product values in the
fourth column of Table II. However, because of the smaller QW width near the top of
the sidewall, the indium composition here becomes higher.

7. Conclusions

In summary, we have demonstrated the growth of a regularly-patterned, c-axis
nitride NR array of uniform geometry with simultaneous depositions of c-plane
disc-like and m-plane core-shell InGaN/GaN QW structures based on the
nano-imprint lithography and the pulsed growth mode of MOCVD. The differences
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of geometry and composition between these two groups of QW were studied with
SEM, CL, and TEM. In particular, the SSA results provided us with the information
about the QW width and composition. It was found that the QW widths were
narrower and the indium contents were higher in the sidewall m-plane QWs, when
compared with the top-face c-plane QWs. Also, in the sidewall QWs, the QW width
(indium content) decreased (increased) with height. The observed results could be
interpreted with the migration behavior of the constituent atoms along the NR
sidewall from the bottom.
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Part II:
n-GaN Grown on n-type 6H-SiC substrate with a Conducting Buffer
Layer

Silicon carbide (SiC) substrate is suitable for the hetero-epitaxial growths of
GaN-based high-power and high-temperature devices due to its high thermal
conductivity (4.9 Wem'/K) and small lattice mismatch with GaN (3.5%). Such
conductive SiC substrate enables us to fabricate fully vertical conducting devices by
forming an electrode on the backside of the substrate. For the growth of a
high-quality GaN film on SiC substrate, an AIN buffer layer was widely used
because of the small lattice mismatch (1%) from SiC and the similar thermal
expansion coefficient. However, AIN is an insulator. Such a buffer layer cannot be
used for the fabrication of a vertical conducting device on SiC substrate.

By using an MOCVD system, we can grow a composition-graded n-type
AliGa; 4N layer on the n-type 6H-SiC substrate as a conducting buffer layer. The Al
composition is linearly decreased from 20 to 0%. TMGa, TMAI and NHj3 are chosen
as the sources of Ga, Al and N atoms, respectively. The TMALI flow rate is linearly
decreased while the TMGa flow rate is linearly increased such that the total flow rate
of alkyl source is maintained a constant. The doping level (with Si) of the buffer
layer is ~10" /em®. The growth temperature of the AlGaN buffer is 1000 °C and the
growth chamber pressure is 76 torr, which is quite low for minimizing the
homogeneous gas-phase reactions between TMAI and NH3.

After the growth of the AlGaN buffer, a 1-um n-type GaN layer is deposited at
1020 °C intemperature and 200 torr in chamber pressure with a deposition rate of 2
um/h. The doping level is also ~10'® /cm®. Then we use a Ti/Au (50 nm/150 nm)
layered metal structure and an indium ball as the n-SiC and n-GaN metal contacts,
respectively, for measuring the electrical property of the sample. The sample
structures without and with metal contacts are shown in Figs. 10 and 11, respectively.

.

Fig. 10 sample structure without metal contacts. Fig. 11 sample structure with metal contacts.

For optimizing the growth conditions, we prepare four samples with different
growth conditions and compare their electrical properties. Their growth conditions
and measurement results are shown in Table III.
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Table 11 Growth conditions and electrical properties of the four samples.

Sample  Growth Pressure of Initial Al Thickness of Vertical Resistance
AlGaN (torr) Composition (%) AlGaN (nm) (9)]
A 200 20 50 2400
B 76 20 50 800
C 76 20 150 64
D 76 20 250 120

From the comparison between the four samples shown in Table III, one can see
that the growth pressure of AlGaN should be lower 100 torr for enhancing the Al
incorporation efficiency and the crystal quality. When the thickness of AlGaN is 50
nm (sample B), the epitaxial layer is cracked due to the induced tensile stress during
the sample cooling process. To solve this problem, we increase the thickness of
AlGaN to 150 nm in sample C. In this sample, the cracking behavior is significantly
reduced. However, cracking can still be observed, as shown in the plan-view SEM
images of sample C (see Figs. 12 and 13). In particular, the cracking behavior is
stronger around a pit, as shown in Fig. 13. At this moment, the cause for the pit
(threading dislocation beneath or other crystal defect) is still unclear.

Fig. 12 A plan-view SEM image of sample C.  Fig. 13 Another plan—viw SEM image of sample C.

To see whether we can completely delete the cracking behavior, we further
increase the thickness of AIGaN to 250 nm in sample D. Unfortunately, the cracking
behavior in sample D is about the same as that of sample C. Even worse, the vertical
resistance in sample D is increased from 64 to 120 Q. Therefore, except the cracking
issue, sample C represents the optimized growth condition in minimizing the vertical
resistance. The I-V curve of sample C is shown in Fig. 14. Also, the o-relative scan
result of X-ray diffraction (XRD) of sample C is shown in Fig. 15. The full-width at
half-maximum (FWHM) of the scan pattern of n-GaN is 291.5 arcsec, indicating the
high crystal quality of the grown n-GaN layer. The atomic force microscopy (AFM)
image of sample C is shown in Fig. 16. Here, one can see nano-scale droplets on the
surface. So far, we have not figured out the composition of those nano-droplets yet.
However, they can be either Ga or Al. With those nano-droplets, the rms roughness
of the surface of sample C is 5.86 nm.
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Fig. 14 I-V curve of sample C.

In summary, we have demonstrated the growth of a conducting nitride layer of
low vertical resistance (64 Q) on 6H n-type SiC substrate. The nitride layer consisted
of a 150-nm n-AlGaN layer with the Al composition being linearly decreased from
20 to 0% and a 1-um n-GaN layer. Both layers were Si doped with a level around
10"/cm’. The growth condition of the n-AlGaN layer must be further improved to
obtain a crack-free and smooth surface.
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Fig. 15 o-relative scan result of XRD of sample C.

Fig. 16 AFM image of sample C.
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